Micro-arc oxidation (MAO) coatings on magnesium-lithium alloys were performed in an alkalinesilicate electrolyte using pulsed unipolar and bipolar current regimes to improve the corrosion resistance. The effects of a negative duty cycle of a pulsed bipolar current on the coating performance were studied at 10%, 20% and 30%. The surface morphology, element composition and phase composition of MAO coatings were examined by SEM, EDS and XRD, respectively. The corrosion resistance and porosity of the coatings were studied by potentiodynamic polarization which was performed in 3.5% NaCl solution at 25ºC. The effects of the negative duty cycle on the MAO coating process and the resulting coating characteristics were discussed. Applying the pulsed bipolar current was found to promote a thinner compact coating. The corrosion resistance of the magnesium-lithium alloy was significantly improved after treatment with pulsed unipolar and bipolar current regimes. The results show that applying a 20% negative duty cycle in a pulsed bipolar current regime produces better corrosion resistance than 10% and 30% MAO coated samples.
INTRODUCTION
Magnesium alloys are the lightest of structural metals and have been utilized in various industries such as communications, automobile, aerospace, etc. They have very good properties including low density, high specific strength, high damping capacity, good electromagnetic shielding and high recyclable ability [1] [2] [3] . However, the high susceptibility to corrosion of magnesium in aggressive environment lead to an unattractive surface appearance and decreased its mechanical stability. Therefore, the extensive application of magnesium alloys is limited [4, 5] . Magnesium alloying with lithium are known as the ultra-light weight materials and remarkably malleable. The extremely inferior corrosion resistance of Mg-Li alloy due to the ionization tendency and high chemical reactivity of lithium. Compared with common magnesium alloys, studied concerning the anti-corrosion improvement of Mg-Li alloys is still not much [6, 7] . Hence, a suitable method to delay the rate of corrosion and protect the surface of magnesium-lithium alloys is urgently necessary.
Many kind of surface modification technologies have often been applied to improve the properties of the magnesium alloys' surfaces, which include chemical conversion coatings, vapor deposition, organic coatings, electrochemical plating, anodizing and micro-arc or plasma electrolytic oxidation, etc. [8] [9] [10] [11] . Among these technologies, the micro-arc oxidation is a popular method to be used to improve the corrosion resistance of magnesium alloys surface. Micro-arc oxidation technique is highly effective, simple operation, and environmentally friendly surface modification technology. The ceramic coating, which including thin inner barrier and porous outer layers, is fabricated on the magnesium alloys by the action of electricity in a suitable electrolyte. [12] [13] [14] . Complex phasetransformations caused by extreme pressures and temperatures evolved in the discharge channels produced a thick, compact and hard coating. This coating has high corrosion resistances and attractive abrasion [15] .
Several studies have been conducted on the effect of electrical parameters, such as current regimes, current density, voltage, frequency, duty cycle, etc. on the coatings features [16] [17] [18] [19] [20] [21] . Direct current (DC), alternative current (AC), pulsed unipolar (PUP) and pulsed bipolar (PBP) current regimes were applied on an MAO coating technique. The characteristics of spark discharge varied considerably with the type of current mode employed [2] . Pulsed unipolar and pulsed bipolar current regimes were reported to be successful in improving the properties and corrosion resistance of MAO coatings produced on magnesium alloys. According to Hussein et al. [22] , the pulsed bipolar current regime was found to be more efficient than a pulsed unipolar regime. MAO coatings produced under a pulsed bipolar mode appear to have larger pores and defects due to strong spark discharges. Wang et al. [23] reported that coating fabricated under a bipolar current mode created a stronger protection against corrosion due to a greater thickness and denser and more homogeneous coatings. On the contrary, Gao et al. [19] reported that MAO coatings that were produced using the pulsed unipolar mode provided better corrosion performance than the pulsed bipolar MAO coatings. The negative biasing appeared to deteriorate the stability of the pulsed bipolar MAO coatings, whereas the pulsed unipolar mode provided conditions for stable oxide growth. Further extension of the cathodic current density beyond the critical value (20 mA.cm -2 ) impeded the production of MAO coating due to the development of an unstable passive state on the surface. The MAO coating properties were also affected by the duty cycles of the pulsed unipolar and bipolar modes. Increasing the duty cycle refers to an increase in the application time of the current during each period. The energy density of the sparks and the amount of heat released during the process increased with the increase in the duty cycle [24, 25] . In a study by V. Dehnavi et al. [20] , micro-discharges with a higher spatial density and a lower intensity are produced by applying low duty cycles which lead to smaller craters.
Recently, the properties of MAO coating fabricated on magnesium lithium alloys have been studied [26] [27] [28] [29] . However, information on the role of the duty cycle of pulsed unipolar and bipolar current modes on MAO coating is limited in literature. In this paper, we aimed at understanding the effect of a negative duty cycle under a pulse-bipolar mode on the characteristics of MAO coating on a LZ91 magnesium-lithium alloy. The surface morphology, element composition, phase composition and anti-corrosion performance of the MAO coatings obtained were then analyzed by scanning electron microscopy (SEM), energy dispersive spectroscope (EDS), X-ray diffractometry (XRD) and potentiodynamic polarization, respectively.
EXPERIMENT

Preparation of MAO coating
Specimens of LZ91 magnesium-lithium alloy (Mg -9 mass% Li -1 mass% Zn) alloy, with a sizes of 50 mm  50 mm  5 mm, were formed from ingots material after rolling process. Before MAO treatment, LZ91 alloy specimens were ground and polished using abrasive SiC paper up to 1500 grit to achieve a smooth surface; then, rinsed with distilled water, ultrasonically degreased in acetone for 10 min, and finally, dried in hot air.
The MAO coatings were conducted in the electrolyte containing 4 g/L sodium hydroxide (NaOH), 15 g/L sodium metasilicate (Na 2 SiO 3 ), 5 g/L sodium phosphate tribasic dodecahydrate (Na 3 PO 4 .12H 2 O) and additives. A micro-arc oxidation of the specimen was carried out in an alkaline silicate electrolyte under pulsed unipolar and bipolar current modes. The substrate, which was connected to a positive output power supply, was immersed in an electrolyte acting as the working electrode and a stainless steel container, which was connected to a negative output power supply, serving as the counter electrode. Figure 1 illustrates the schematic of the pulsed unipolar and pulsed bipolar current regimes applied in this research. The positive current density and pulsing frequency were set at 4 A/dm 2 off ) = 10%, 20% and 30%, respectively. During the MAO process, the cooling system was used to keep the temperature of the electrolyte at an ambient temperature. The MAO process was carried out for 15 min. After MAO coating, the coated samples were taken out from electrolyte, rinsed thoroughly with DI water and dried in hot air for 10 min.
Characterization of MAO coating
The thicknesses of the MAO coatings were measured using a Fischer dualscope MP20 for nonferrous materials. The surface and cross-section morphology of the MAO coated magnesium-lithium alloy were studied by scanning electron microscope (SEM -FEI Nova NanoSEM 230). The chemical compositions of coating were studied using an energy dispersive spectroscope (EDS) incorporated with the SEM. The phase compositions were analyzed using X-ray diffractometry (XRD -X'pert Powder, PANalytical) analysis with Cu-K radiation. The scanning was within 2 = 20 -80, at a grazing angle of 1.
The potentiodynamic polarization was performed to investigate corrosion resistance and measure porosity of the coatings. The electrochemical measurements were conducted on Solartron 1285 Potentiostat system in a 3.5 wt% NaCl solution at room temperature using a conventional threeelectrode cell with a LZ91 substrate or MAO coated samples with an exposed area of 1 cm 2 as the working electrode, a platinum plate as the counter electrode and a silver chloride electrode (Ag/AgCl/Sat. KCl) as the reference electrode. Potentiodynamic polarization scans were performed at a sweep rate of 1 mV/s in the potential range of -1.8 V to -1.2 V vs. reference after an initial 5-minute delay. Solartron Corrware and Corrview software is used for data acquisition and plotting. The coating porosity was measured by an electrochemical method. The fundamentals of the evaluation were based on the ratio of the current density through the pores and the coating. The cathodic currents are negligible in the determination of porosity, and the current density is inversely proportional to the polarization resistance [30] . The porosity of the ceramic coatings was evaluated using Equation (1): (1) where P is the coating porosity and R p,s and  a are the polarization resistance and anodic Tafel slope of the uncoated substrate, respectively. R p is the polarization resistance of the MAO coated substrate, and E corr is the difference in corrosion potential between the uncoated and the MAO coated substrates.
RESULTS AND DISCUSSION
Cell voltage-time response of MAO coating process
The voltage transients during the MAO coating process were recoded every 0.01 s, while the current density was kept constant at a certain value. Figure 2 shows the voltage-time response for MAO coatings formed under a pulsed unipolar regime and pulsed bipolar regime with a 10%, 20% and 30% negative duty cycle. Judging from the voltage growth rate, the MAO process can be divided into various stages of coating formation. The cell voltage rises drastically and linearly at a very high rate in the first stage of the MAO process, which is attributed to the traditional anodization process [31] . There were only a few tiny oxygen bubbles that appeared on the sample's surface, which indicated that the substrate was dissolved and a barrier layer had formed on the surface of the magnesium-lithium alloy. The second stage started when the micro sparks were initially observed on the sample's surface. The voltage at which this occurs is termed breakdown voltage. After the breakdown voltage, the potential continued to increase at a lower rate leading to thickening of the oxide layer. The start of micro-arc oxidation is recognized by the observation of a shrill sound. The oxygen evolution became vigorous, a large number of tiny sparks randomly appeared, quickly moving over the entire surface of the sample. With the progress in time, the sparks grew in size and moved slowly across the surface of the sample. The MAO process entered the third stage when the variation in voltage with time reached a stable value. In this stage, a harsh sound was heard, the micro sparks transformed into powerful sparks and the number of sparks decreased. According to Shi et al. [28] , the large sized pores and thermal cracking of the oxide film occurred due to the intense sparking and oxygen evolution. These reactions repeatedly occurred on the surface of the sample leading to an increase in the MAO coating thickness.
Four cases, a pulsed unipolar regime and pulsed bipolar regime with 10%, 20% and 30% negative duty cycles, have the same cell voltage-time responses. As shown in Figure 2 , the breakdown voltage and the final voltage (about 416 V) of a sample treated under a pulsed unipolar regime was higher than samples treated under a pulsed bipolar regime. Figure 2 also demonstrates that the positive voltage increased as the negative duty cycle decreased. The final voltage was reduced from 389 V for the 10% negative duty cycle to 375 V and 366 V for the 20% and 30% negative duty cycles, respectively. Increasing the negative duty cycle of a pulsed bipolar regime from 10% to 30%, results in a lower final voltage which indicates a thinner MAO coating. This deduction is in accordance with the results of coating thickness measurements using the Eddy test method. 
MAO coating thickness
The thicknesses of the MAO coatings were obtained by averaging the results of nine measurements on the surface using the Eddy current test method. Table 1 shows the thicknesses of the MAO coating samples produced by a unipolar regime and bipolar regime with 10%, 20% and 30% negative duty cycles. According to the results in Table 1 , the thicknesses of the MAO coating are significantly influenced by the current regimes and negative duty ratio. The unipolar regime produces the thickest MAO coating, at about 28.2 m, which indicates that the growth rate is higher compared with the bipolar regime. The coating thickness decreases with the increase in the negative duty cycle of a bipolar regime, which is a decrease from 25.8 m at a 10% negative duty cycle to 25.5 m at a 20% negative duty cycle and 25.0 m at a high negative duty cycle. The results were corroborated by results obtained from the cross-sectional images (Figure 4 ). According to Shi et al. [28] , the thicknesses of coatings are related to the cell voltage-time response. Thicker coatings signify a relatively higher resistance which results in a higher voltage in the later stage. Increasing the negative duty cycle decreases the standard deviation of the coating thickness. This indicates that the negative duty cycle helps the MAO coating thickness become more uniform. Figure 3 shows the surface morphologies of MAO coating on an LZ91 alloy under pulsed unipolar and bipolar regimes with 10%, 20% and 30% duty cycles. It can be observed that the surface of ceramic coatings formed by the MAO process have a porous microstructure, sparse cracks and some volcano top-like pores distributed disorderly, which were constituted by oxygen bubble generated on specimen and the energy through the discharge channel during MAO coating process. The pores size is obviously affected by the different current regimes. The coating formed under the pulsed unipolar regime showed a coarser structure than the coating formed under the pulsed bipolar regime. Figure 3 illustrates the effect of the negative duty cycle on the morphology of MAO coating. The coating formed under pulsed bipolar regimes with a 20% negative duty cycle showed a finer and less porous structure compared with coatings formed by 10% and 30% negative duty cycles but the difference is not very much. The size and surface features of the volcano top-like pores are reflections of the gas evolution, density and intensity of sparks during the MAO process. The more intense the sparking and gas evolution; the larger the pore size. According to Gao et al. [19] , in the pulsed bipolar regime, the formation of smaller pores is due to the reduced discharge intensity in each cycle and/or avoidance of discharge localization at the same location. The cathodic pulse has a crucial role in promoting the soft sparking condition in the pulsed bipolar MAO process. Sah et al. [32] reported that the cathodic breakdown can randomize the anodic breakdown sites, thus reducing the pore diameters of the MAO coatings. Cross-sectional morphologies of the pulsed unipolar and bipolar coatings, prepared by mounting the samples into resin, are shown in Figure 4 . The MAO process is composed of two different ceramic layers on magnesium alloys -an outer porous layer and a very thin inner barrier layer [33] . The cross-sectional images show that the coatings are relatively dense and compact. The coatings fabricated under a pulsed unipolar regime appear thicker compared to those fabricated under a pulsed bipolar regime. The coating thicknesses decreased with the increase in negative duty cycle. A lower negative duty cycle could provide a higher growth rate for the MAO coating. The results are consistent with results obtained from coating thickness measurements using the Eddy current test method. This decrease in coating thickness can be attributed to the lower energy input during MAO coating with the increasing negative duty cycles. 
Morphologies characteristics of MAO coatings
Elemental and phase compositions of MAO coatings
The atomic concentrations of the elements on MAO coatings analyzed using EDS are shown in Table 2 . The results indicate that all the coatings are composed of Mg, O, F, P, Na, Si and Zn. The coatings contain considerable amounts of magnesium and oxygen. The ratio of Mg/O is lower than 1, indicating that the abundance of O may be combined with other elements besides Mg, such as P, Zn and Si, in the coatings. With the increase in the negative duty cycle, the amount of F, Na and Si decreases while the amount of Mg, O and P increases. These results may be attributed to the effect of cathodic micro discharge during the micro arc oxidation process. According to Gao et al. [19] , in the first stage of the MAO coating process, the substrate was passivated rapidly, forming an inner barrier layer. Once the voltage achieved a breakdown voltage, the discharge took place. Under the electrical field, the cations (Mg 2+ , Zn 2+ ) from the specimen moved outwards while the anions (OH ) from the electrolyte were driven inwards in the discharge channels. These cations and anions combined together, resulting in the fabrication of solid compounds. These repeated reactions make the MAO coating thicker. The cathodic discharge channel attracted the cations released from the substrate under the anodic discharge channel. Therefore, the amount of Mg in the coating under a pulsed bipolar mode was higher than that under a pulsed unipolar mode. It also prevented the movement of fluoride anions to the coatings. X-ray diffraction was used to indicate the phase compositions of the coatings. The XRD patterns of the oxide coatings fabricated in the variations of negative duty cycles are shown in Figure  5 . The results indicate that the MAO coatings were mainly constituted with MgO and MgSiO 3 , and with the additions of NaF in the electrolyte, the coatings also contained MgF 2 . The results supported the findings of EDS analysis. Variation in the negative duty cycle did not result in any significant change in the phase compositions of the MAO coating formed in the same electrolyte. Figure 6 shows potentiodynamic polarization curves of coatings fabricated on an LZ91 alloy produced under a pulsed unipolar regime and pulsed bipolar regime with 10%, 20% and 30% negative duty cycles. In a typical polarization curve, a positive corrosion potential, lower corrosion current density and higher polarization resistance correspond with a better corrosion resistance and lower corrosion rate of coating. The corrosion current density i corr , corrosion potential E corr and anodic  a , cathodic  c Tafel slopes was estimated by Tafel region extrapolation from the potentiodynamic polarization curves. This method is preferred, due to difficulties in extrapolating the Tafel line from the anode region. The polarization resistance (R p ) can be determined by the Stern-Geary equation [34, 35] :
Corrosion behavior of MAO coatings
(2) Figure 6 . Potentiodynamic polarization curves of MAO coatings under (a) pulsed unipolar regime and pulsed bipolar regime with negative duty cycles of (b) 10%, (c) 20%, (d) 30% and (e) LZ91 alloy substrate. Table 3 shows the relevant electrochemical parameters and polarization resistance calculated from the equation (2) . Results show that the corrosion current density decreased from 1.36  10 reflects the improvement in anti-corrosion performance. It can be observed that the corrosion resistance of coatings fabricated under a pulsed unipolar regime is better than for coatings fabricated under a pulsed bipolar regime. The existence of MgSiO 3 and MgF in the MAO coatings helps to protect the surface from corrosion attack as they act as physical shields between the substrate and the corrosion media. Under a pulsed bipolar regime, the coating produced with a negative duty cycle at 20% showed better polarization resistance compared with those at 10% and 30%. Duty cycle is an important electrical parameter that influences the corrosion characteristic of MAO coatings [24, 25] . Increase in negative duty cycle refers to a decrease in applied time of current during each cycle. Increase negative duty cycle decreases the energy density of the sparks, the amount of heat release during the MAO process and the amount of molten oxide that is thrown out the electrolyte. It affects to the thickness, surface morphology, phase composition and the compactness of the coatings. When applied high negative duty cycle, the thickness of MAO coating is too thin to provide effective protection to the substrate of magnesium alloy. The porosity values of the MAO coatings were calculated using the data in Table 3 . The porosities of the coatings fabricated under pulsed unipolar and pulsed bipolar regimes with negative duty cycles of 10%, 20% and 30% were 0.010 and 0.017, 0.015 and 0.017, respectively. It can be seen that the coatings fabricated under a pulsed unipolar regime are denser than those under a pulsed bipolar regime. The results support the findings obtained from the SEM micrographs. The pores on the MAO coating act as an active area for corrosion attack. In the case of a corrosion ion incorporated into the open pores, after a certain time period it will infiltrate the poor corrosion resistance substrate, leading to the loss of protection from the MAO coating. Hence, the corrosion resistance of the MAO coating can be improved when it is thick and dense.
CONCLUSIONS
MAO coatings fabricated under pulsed unipolar and bipolar regimes with different negative duty cycles on an LZ91 alloy have been presented in the present work. Increasing the negative duty cycle of a pulsed bipolar regime resulted in lower final voltages, indicating a thinner and more uniform MAO coating. XRD analysis proved that the MAO coatings were mainly constituted with MgO, MgSiO 3 , and MgF 2 , which help to improve corrosion protection. The porosity of MAO coatings does not show significant dependence on the current regimes. The corrosion resistance of the magnesiumlithium alloy was significantly improved after being treated under pulsed unipolar and bipolar MAO coatings. The pulsed unipolar current was found to promote the best corrosion resistance coating. The 20% negative duty cycle in a pulsed bipolar current produced a better corrosion resistance than the 10% or 30% negative duty cycle.
